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Open access under CC BHﬂX is a GTP binding protein of unknown function. Based on the presence of the hﬂX gene in hﬂA operon,
HﬂX was believed to be involved in the lytic-lysogenic decision during phage infection in Escherichia coli.
We ﬁnd that E. coli HﬂX binds 16S and 23S rRNA – the RNA components of 30S and 50S ribosomal sub-
units. Here, using puriﬁed ribosomal subunits, we show that HﬂX speciﬁcally interacts with the 50S. This
ﬁnding is in line with the homology of HﬂX to GTPases involved in ribosome biogenesis. However, HﬂX-
50S interaction is not limited to a speciﬁc nucleotide-bound state of the protein, and the presence of any
of the nucleotides GTP/GDP/ATP/ADP is sufﬁcient. In this respect, HﬂX is different from other GTPases.
While E. coli HﬂX binds and hydrolyses both ATP and GTP, only the GTP hydrolysis activity is stimulated
by 50S binding. This work uncovers interesting attributes of HﬂX in ribosome binding.
 2008 Elsevier Inc. Open access under CC BY license.Introduction
GTP binding proteins are well known regulators of diverse cellu-
lar processes. Several of these proteins are well characterized, and
are termedmolecular switches. They switch from the ‘empty’ nucle-
otide free state to an ‘ON’ state upon GTP binding and a subsequent
GTP hydrolysis leads to the GDP bound ‘OFF’ state [1,2]. Although a
similar switchingmechanism prevails in a set of 11 universally con-
served bacterial GTPases [3], an understanding of their biological
functions is only beginning to emerge.
Gene products of the hﬂA operon, including HﬂX, are thought to
play a role in lytic-lysogeny decision of coliphage lambda during
phage infection in Escherichia coli [4]. In a recent work, we negate
such a role for HﬂX, despite its presence in this operon (to be pub-
lished elsewhere). However, the widespread conservation of the
hﬂX gene across species led us to investigate alternative roles for
HﬂX based on the high sequence homology it shares with the
members of ODN (Obg, DRG1 and Nog1) family, which have been
implicated in ribosome assembly [5].
HﬂX is one of the 11 conserved bacterial GTPases. Several of
them are reported to bind ribosomal subunits, largely in a nucle-
otide speciﬁc manner and take part in ribosome biogenesis or
assembly [3,9–14]. In their GTP bound states, the circularly per-
muted GTPases [6] YqeH, YloQ and YjeQ in Bacillus subtilis bindY license.the 30S subunit (Anand et al., unpublished results) [7,8] while
YlqF binds the 50S. YlqF and YqeH have been implicated in ribo-
some assembly [9,10]. YphC (EngA homologue in B. subtilis) and
YsxC bind 50S in a GTP-dependent manner and together function
in 50S assembly [11,12]. The only exception is Era, which binds
the 30S subunit in the nucleotide free state [13]. Also, E. coli Obg
is the only known protein that interacts with both 30S and 50S
subunits [14]. Nog1 and DRG1 are eukaryotic GTPases that par-
ticipate in 60S assembly [15,16]. However, the biochemical char-
acterization of HﬂX that shares a high homology with Obg and
Nog1 has not been reported until recently.
In this work, we show that like Obg, DRG1 and Nog1, HﬂX too
interacts with the large ribosomal (50S) subunit. While this manu-
script was under preparation, an association between HﬂX from
Chlamydophila pneumoniae (cpHﬂX) and 50S subunits from E. coli
has been reported [17]. In the present report, however, we demon-
strate an interaction between E. coli HﬂX and puriﬁed E. coli ribo-
somal subunits. Additionally, we ﬁnd that this interaction can
take place in the presence of GTP as well as in the presence of other
nucleotides such as GDP, ATP or ADP. This is in contrast to most
ribosome binding GTPases that preferentially associate with 50S/
30S only in their GTP bound forms. Furthermore, we ﬁnd that full
length HﬂX is required for HﬂX-50S interaction – an attribute akin
to most ribosome binding GTPases. Interestingly, HﬂX is not only a
GTPase, but it also binds and hydrolyses ATP efﬁciently (to be pub-
lished elsewhere). However, 50S binding stimulates only the GTP
hydrolysis (albeit moderately), but not ATP hydrolysis.
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Cloning, expression and puriﬁcation of HﬂX. Recombinant E. coli
HﬂX and deletion constructs DN-HﬂX, DC-HﬂX and HﬂX-G pro-
teins were cloned, expressed and puriﬁed to homogeneity (for de-
tails, see supplementary material). Puriﬁed proteins were
concentrated, aliquoted and stored at 80 C after snap freezing
in liquid nitrogen, for further use.
Gel retardation assays. These assays were performed by incubat-
ing HﬂX with 16S and 23S rRNA at 37 C for 15 min in the presence
or absence of GMPPNP/GDP (Sigma–Aldrich). Twenty percent Glyc-
erol was added to the reaction mixture and was analyzed by native
agarose gel stained with ethidium bromide.
Ribosome puriﬁcation. BL21 cells, grown till 0.6 OD600 at 37 C
and incubated on ice for 10 min after addition of 100 lg/mL chlor-
amphenicol, were harvested by centrifugation and were lysed by 5
cycles of freeze-thaw in Buffer D (20 mM Tris–HCl pH 8.0, 50 mM
NH4Cl, 5 mM MgCl2, 1 mM DTT, 1 mg/mL lysozyme, protease
inhibitor cocktail). Following the addition of RNase free DNase,
the lysate was clariﬁed by centrifugation at 45,000g at 4 C. Super-
natant was loaded on a 1.1 M sucrose cushion and centrifuged at
50,000 RPM for 4 h at 4 C (Sorvall-TH660 rotor). The pellet was
dissolved in Buffer E (20 mM Tris–HCl pH 8.0, 50 mM NH4Cl,
1 mM Mg-Acetate, 1 mM DTT). The ribosome thus obtained was
stored at 80 C.
Ribosomal subunits were puriﬁed by loading the supernatant
(as mentioned above) on 18–50% sucrose step gradient and centri-
fuged at 28,000 RPM (Sorvall Surespin-630 rotor) at 4 C for 10 h.
Gradient was fractionated by upward displacement using 60% su-
crose by ISCO density gradient fractionator. RNA isolated from each
fraction was analyzed by formaldehyde agarose gel (1.5% agarose).
Fractions containing 30S and 50S subunits were identiﬁed based
on the presence of 16S and 23S rRNA, respectively. Fractions corre-
sponding to these subunits were pooled separately and diluted by
the addition of Buffer F (20 mM Tris–HCl pH 8.0, 50 mM NH4Cl,
10 mMMagnesium Chloride, 1 mM DTT). Ribosomal subunits were
then concentrated using Millipore Amicon ultra centrifugal ﬁlter
tubes.
While using them in ATP/GTP hydrolysis assays, 50S was di-
luted in Buffer G (20 mM Tris–HCl pH 8.0, 200 mM NH4Cl, 1 mM
Mg-Acetate, 1 mM DTT) and precipitated by centrifuging at
45,000 RPM at 4 C for 4 h (Sorvall-TH660 rotor). Pellet, thus ob-
tained, was washed with 1 M NH4Cl and dissolved in a small
amount of Buffer G, and stored at 80 C.
Protein–ribosome co-sedimentation analysis. Puriﬁed protein and
ribosomes were incubated at 37 C for 30 min in Buffer E in pres-
ence of 2 mM nucleotides (GDP/GMPPMP) and loaded on a 20–
43% Sucrose gradient in Buffer F. The tubes were centrifuged at
28,000 RPM for 10 h (Sorvall surespin-630 rotor) and 400 ll frac-
tions collected from the top of the tube were analyzed by SDS–
PAGE. Protein was detected by immuno-blotting using anti-His
antibody (Santacruz). As above, the presence of 50S/30S in each
of the fractions was determined by the presence of 16S rRNA
(1.5 Kb band) and 23S rRNA (2.9 Kb band). Co-sedimentation
experiments with puriﬁed 50S and 30S subunits were carried out
similarly, except replacing the sucrose gradient to 18–50%.
GTP and ATP hydrolysis assays. GTP hydrolysis assays were car-
ried out in 5 ll reaction volumes containing 20 lM HﬂX, 50 mM
Tris–HCl pH 8.0, 200 mM NaCl, 1 mM DTT, 5 mM MgCl2, 20 lM
GTP, 1 lCi c[32P] GTP, and were incubated at 37 C for 60 min.
The reaction was stopped by adding 1 ll of 6 M formic acid and
centrifuged at 13,000 RPM for 10 min. Five microliters of the sam-
ple was spotted on the PEI-coated TLC (Merck), resolved in 1.5 M
KH2PO4 (pH 3.4) buffer and subjected to autoradiography to detect
the formation of inorganic PO4. Autoradiograms were aligned withthe TLC plate and spots corresponding to inorganic PO4 were cored
out. The counts (CPM) were determined using a scintillation coun-
ter. For ribosome stimulation assays, varying amounts of 50S (0–
20 pmoles) were used along with. In the competition assays, GTP
hydrolysis (without the ribosome) was carried out using 0–
500 lM ATP/AMPPNP/ADP. Similarly, for ATP hydrolysis assays
GTP was replaced by ATP and competed with 0–500 lM GTP/
GMPPNP/GDP. In competition assays, CPM obtained in absence of
competitor was normalized to 100%. Percent activities for the other
samples were calculated with respect to this.
Results
HﬂX binds ribosomal RNA
HﬂX shares a high sequence homology with Obg, DRG1 and
Nog1 that belong to the family of ribosome binding GTPases, some
of which also interact with the ribosomal RNA. This led us to inves-
tigate if HﬂX too binds rRNA and/or the ribosome [11,13,14,19].
The hﬂX gene from E. coli was cloned into pET28a vector, and
the His6-tagged fusion protein was overexpressed and puriﬁed to
near homogeneity (see Materials and methods). Gel retardation as-
says show a clear shift in the mobility of 16S and 23S rRNA in pres-
ence of HﬂX (Fig. 1A), in a nucleotide independent manner (Fig. 1B,
C). A similar effect was not observed with BSA that served as a neg-
ative control (Fig. 1A, lanes 3 and 4). In contrast, rRNA binding to
Obg is nucleotide speciﬁc [14].
GTP hydrolysis by HﬂX is inhibited in presence of ATP
HﬂX displays a characteristic G domain with G1–G4 motifs re-
quired for binding and hydrolyzing GTP (Fig S1, Supplementary
material). Nevertheless, E. coli HﬂX also binds and hydrolyses
ATP. Interestingly, the rate of ATP hydrolysis is higher than that
of GTP hydrolysis (to be published elsewhere). As HﬂX contains a
single nucleotide binding domain, i.e. the G-domain, we wished
to examine if ATP too binds the same site. As shown in Fig. 2A,
the rate of GTP hydrolysis reduced to 50% when either ATP or
AMPPNP (a non-hydrolysable ATP analog) was present at concen-
trations equal to that of GTP, and to 20% when the latter were
in 25-fold molar excess. Interestingly, a similar effect was not ob-
served in presence of ADP (Fig. 2A). The ATP hydrolysis rates, how-
ever, remained unaffected in the presence of GTP, GMPPNP or GDP
(Fig. 2B).
Full length HﬂX binds the 50S ribosomal subunit regardless of the
bound nucleotide
As HﬂX binds both 16S and 23S rRNA (Fig. 1), we set out to
examine its association with 30S as well as 50S subunits. At the
outset, ribosome co-sedimentation studies were carried out
employing crude ribosomes (consisting of 50S, 30S, 70S and poly-
somes) and HﬂX in presence of GMPPNP, a non-hydrolysable GTP
analog. This was layered on 18–43% sucrose gradient and fractions
were collected following ultracentrifugation (see Materials and
methods). The presence of various ribosomal subunits in these
fractions was assessed based on the rRNA content (Fig. 3A). HﬂX
was detected in fractions where the 50S subunit begins to appear
(Fig. 3B).
Sequence analysis (Fig. S1, Supplementary material) revealed
the presence of three domains in E .coli HﬂX. In order to assess
the role of the various domains of HﬂX in ribosome binding, we
created HﬂX constructs lacking the N-terminal domain (DN-HﬂX),
the C-terminal domain (DC-HﬂX) or both (HﬂX-G). Co-sedimenta-
tion experiments show that in all the three truncated proteins,
Fig. 1. HﬂX interacts with 16S and 23S rRNA in a nucleotide independent manner. HﬂX was incubated with 16S and 23S rRNA in the presence or absence of GMPPNP/GDP and
was analyzed on 1% native agarose gel. (A) Interaction of rRNA with HﬂX and BSA (negative control). Lane 1, 16S rRNA; Lane 2, 23S rRNA; Lane 3, 16S rRNA + BSA; Lane 4, 23S
rRNA + BSA; Lane 5, 16S rRNA + HﬂX; Lane 6, 23S rRNA + HﬂX. (B) HﬂX-23S rRNA interaction in presence of nucleotides. Lane 1, 23S rRNA; Lane 2, 23S rRNA + HﬂX; Lane 3,
23S rRNA + HﬂX + GDP; Lane 4, 23S rRNA + HﬂX + GMPPNP. (C) HﬂX-16S rRNA interaction in presence of nucleotides. Lane 1, 16S rRNA; Lane 2, 16S rRNA + HﬂX; Lane 3, 16S
rRNA + HﬂX + GDP; Lane 4, 16S rRNA + HﬂX + GMPPNP.
Fig. 2. GTP hydrolysis by HﬂX is inhibited in presence of ATP. Hydrolysis of radiolabelled [c32P]-ATP, [c32P]-GTP was studied in presence of 0- to 25-fold excess of unlabelled
nucleotides in a competition experiment. Five microliters reaction mixture was spotted on PEI-TLC plates, separated and visualized as described in ‘Materials and methods’.
Ratio of competing nucleotide to ATP/GTP is indicated on x-axis. (A) GTP hydrolysis in presence of ATP, AMPPNP and ADP. Amount of GTP hydrolysed, in the absence of
competing nucleotides was normalized to 100%. (B) ATP hydrolysis in presence of GMPPNP, GTP and GDP. Amount of ATP hydrolysed, in the absence of competing nucleotides
was normalized to 100%.
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tion of nucleotides GTP, GDP, ATP or ADP could not restore the
ribosomal interactions (data not shown). These results indicate
the need for the full length protein for interaction with the
ribosome.
To understand if HﬂX speciﬁcally binds 50S or 30S, co-sedimen-
tation experiments were repeated with puriﬁed 30S and 50S com-
ponents, in presence of different nucleotides. Fig. 3C shows that
HﬂX interacts with the 50S subunit in presence of GTP, GDP, ATP
or ADP, but not in the absence of nucleotides (apo). Surprisingly,
no interaction was found with 30S (Fig. S2, supplementary mate-
rial), although the protein binds 16S rRNA too.
Association with 50S stimulates GTP hydrolysis but not ATP hydrolysis
For GTPases like elongation factor G [20], YjeQ [21] and SRPb
[22], an increase in GTP hydrolysis rate was observed upon ribo-
some binding. As E. coli HﬂX hydrolyzes both ATP and GTP, andinteracts with 50S in the presence of nucleotides (Fig. 3C), the ef-
fect of 50S association on the ATP and GTP hydrolysis by HﬂX
was monitored at increasing amounts of ribosome (0–20 pmoles)
while protein concentration was held constant. Interestingly, 50S
association stimulates GTP hydrolysis rates, while no signiﬁcant ef-
fect was seen on ATP hydrolysis (Fig. 4). At 20 pmoles of 50S, GTP
hydrolysis is enhanced by about 8-fold.Discussion
E. coli hﬂX belongs to the hﬂA operon, which has been impli-
cated in the lysis-lysogeny switch of bacteriophage lambda upon
the infection of the bacterium by the phage, mainly from muta-
tional studies. Independent mutational studies have also proposed
the involvement of HﬂX in transposition in E. coli [18]. In a recent
work (to be published elsewhere), we negate the view that HﬂX
functions in the lambda lysis-lysogeny decision or in the transpo-
Fig. 3. HﬂX associates with the 50S subunit. HﬂX-ribosome co-fractionation experiments were conducted by incubating puriﬁed HﬂX and ribosomes from E.coli, in presence
of GMPPNP, a non-hydrolysable GTP analog. This mixture was loaded on a 20–43% sucrose gradient, centrifuged and fractionated as described in Materials and methods. Each
fraction was analyzed for the presence of RNA and protein. (A) A formaldehyde agarose gel of the RNA isolated from each of the fractions depicts the presence of 23S and 16S
rRNA, as indicated. (B) His6-tagged HﬂX or the truncated proteins present in these fractions were detected by western blotting using an anti-His antibody. HﬂX refers to the
full length protein, and DN-HﬂX (193–426), DC-HﬂX (1–362) and HﬂX-G (193–362) correspondingly refer to the fragments lacking the N and C terminal domains or both. (C)
Co-fractionation experiments were repeated with puriﬁed HﬂX and the 50S subunit in presence of various nucleotides (shown in separate panels and indicated on the right).
Unlike in B, the top fractions devoid of 50S and only the peak fractions containing 50S are shown (top gel, in blue color), based on the presence of 23S rRNA in these fractions
(lower gel in grayscale). HﬂX co-fractionates with 50S in presence of GMPPNP, AMPPNP, GDP and ADP, but not in absence of nucleotides (Apo). (For interpretation of the
references to color in this ﬁgure legend, the author is referred to the web version of the article.)
Fig. 4. The effect of 50S association on the GTP and ATP hydrolysis activity of HﬂX.
GTP and ATP hydrolysis assays (carried out as in Fig. 2 but in absence of any
competing nucleotides) were examined in presence of varying amounts (0–
20 pmoles) of 50S. Amount of GTP/ATP hydrolysed, in absence of 50S, was
normalized to one to accordingly estimate the fold stimulation.
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binding role for HﬂX.
It was possible to infer a ribosome binding function for HﬂX,
due to 40–45% sequence homology between its G domain and
that of Obg, DRG1 and Nog1, which bind ribosomal subunits and
participate in its biogenesis. While this manuscript was under
preparation, association of cpHﬂX (from C. pneumonae) with 50S
ribosomal subunits from E. coli was reported [17]. In this work,
however, we use both HﬂX and ribosomal subunits from E. coli.
Our results not only concur with the observations for cpHﬂX, but
also demonstrate that association with 50S requires the presence
of a nucleotide. Interestingly, HﬂX binds and hydrolyses both ATP
and GTP, and can associate with 50S in presence of any of the four
nucleotides ATP, ADP, GTP or GDP, but not in their absence (i.e., inthe apo state) (Fig. 3C). Several GTPases have now been shown to
bind ribosomal subunits [7–16] speciﬁcally in presence of GTP.
The GTP bound state seems to provide an appropriate conforma-
tion to promote ribosome binding. Era, however, appears to be
the only exception, as it is the apo state that facilitates Era-30S
interactions [13]. HﬂX thus seems to add to the functional diversity
of GTPases by associating with 50S in presence of any nucleotide
that it binds. In addition, HﬂX displays a high afﬁnity towards rRNA
as indicated by the strong association of the protein with rRNA
during puriﬁcation (data not shown), and a clear association with
both 16S and 23S rRNA (Fig. 1). Possibly, an arginine rich region
(Fig. S1, Supplementary material) in the N-terminal domain could
be important for the RNA interaction.
Sequence analysis reveals that HﬂX is a three domain protein, of
which the N-terminal domain is well conserved among all species
and is characterized by the aforesaid glycine rich region (Fig. S1,
Supplementary material). We ﬁnd that all the three domains are
required for HﬂX-ribosome interactions (Fig. 3B). However, its
homologues from a few species like Bacillus subtilis or Sulfolobus
solfataricus lack the C terminal domain. Since DC-HﬂX does not
interact with 50S (Fig. 3B), it might be that the mode of ribosome
binding is different in these homologues.
Based on the presence of sequence motifs G1–G4, HﬂX is classi-
ﬁed as a GTP binding protein, andweﬁnd that E. coliHﬂXhydrolyses
both ATP and GTP (to be published elsewhere). Unusually, we also
ﬁnd that HﬂX appears to hydrolyse ATP better than GTP. Interest-
ingly, the competition assays in Fig. 2A, reveal that GTP hydrolysis
is inhibited by ATP/AMPPNP, even at a GTP:ATP/AMPPNP ratio of
1:1. A large reduction (80%) is noticedwhen the ratio is 1:25. How-
ever, under similar conditions,wecouldnotobservean inhibitoryef-
fect on ATP hydrolysis in presence of GTP/GMPPNP (Fig. 2B),
althoughan inhibitionmaybeobservedatevenhigherGTP/GMPPNP
concentrations. Based on these ﬁndings, it is perhaps reasonable to
conclude that both ATP and GTP bind the same site, i.e. the G-do-
main, and the protein preferentially binds and hydrolyses ATP, over
GTP. While the precise roles rendered by ATP and GTP binding/
hydrolysis are unclear, cpHﬂX does not show a similar inhibition of
GTP hydrolysis in presence of ATP [17]. This indicates that the func-
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HﬂX homologues.
An increased GTP hydrolysis upon ribosome association is seen
for several ribosome binding GTPases. Although HﬂX hydrolyses
both GTP and ATP, 50S association stimulates GTP hydrolysis
(8-fold), but not ATP hydrolysis (Fig. 4). The present data is insuf-
ﬁcient to infer a role for HﬂX in ribosome biogenesis. However, it is
tempting to propose the following model for HﬂX, which may be
different from the roles attributed to other GTPases. 50S binds both
the GTP and GDP bound states of HﬂX, and accelerates GTP hydro-
lysis. This could lead to a conformational change, either in HﬂX or
the 50S, which may be speciﬁcally recognized by the other fac-
tor(s). In such a scenario, HﬂX would act as a helper molecule to
promote the binding of other factors that play a direct role in ribo-
some assembly. Obviously, rigorous experimentation would be re-
quired to ascertain the involvement of HﬂX in the process of
ribosome assembly. As ATP hydrolysis is not stimulated by 50S,
it may be that the conformations attained by HﬂX when bound
to ATP and GTP are different. Further experiments will be required
to conﬁrm the ATPase activity in vivo.
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